A neu' fluidic controlled ventilator has been designed. The construction, functional analysis and use of the ventilator are described.
INTRODllCTION
A ventilator (Figures 1 and 2) has been constructed to fulfil the following requirements:
(1) May be used in the operating theatre or Intensive Care Department.
(2) Suitable for use in all age groups, from neonates to adults.
(3) May be used in theatre with a circle system or with a non-rebreathing system. (4) Functions as a pressure generator or flow generator ventilator with adults and large children. (5) May be used with a T-piece on small children and babies as a pressure generator or as a flow generator. (6) Is small and compact and so readily portable and fits on the shelf of a standard anaesthetic machine. (7) Allows controlled positive pressure during the whole expiratory phase and provides positive end expiratory pressure (P.E.E.P.) or continuous positive airway pressure (C.P.A.P.) for adults and babies. (8) Allows controlled negative pressure during the entire expiratory phase. (9) Has a trigger with variable sensitivity. (10) Allows control of atmospheric pollution by channelling all expirations through a single exhaust outlet. (11) The breathing circuit is easily cleaned and sterilized.
(12) Construction is robust and function is unaffected by minor shock and vibration. (13) Reliability with minimal maintenance requirements. (14) powered by gas pressure. (15) Medium price bracket. In designing the ventilator the emphasis has been on simplicity, reliability, versatility and compactness. There are no mechanical moving D. 1. CAMPBELL parts and the (}nl~' yaIves within the hreathing circuit are of simple unidirectional type. The fluidic control system used has several adyantages. the ninst important of which is extreme reliability. III order to achieve good flexibility of function. independent controls for inspiratory pressure. volume. flo\\' and time arc provided. l:j(;l'HE ,)
\'l'ntiiator l'onnecte(l for us" with circle systelll.
( '():'\STUITTIU:,\
In ib basic form the ventilator can be represented diagraJ1llllaticall~' (Figure : i) as a fluidic control system switching on and off the input of all injector. The central control module is a bi-stable flip/flop element with one output controlling the inspiratory phase and the other controlling the expiratory phase. The timing of each phase is b~' a fluidic timer module and a Schmitt trigger. Manual controls can regulate the times of each phase independenUv. The injector sern's as the expiratory pathway and expiration occurs as soon as the inspiratory driving jet is cut off, The addition of other controls to the basic ventilator svstem is shown diagrammaticallv in Figure 4 . -Concertina bellows prevent' the driving gas from passing into the breathing circuit and the simple spill valve allows the exces~ gas to vent to atmosphere via the injector during expiration. A sleeve valve varies entrainment from maximum at the fully open position to none ill the dosed position while expirator:\' flow remains unaffected as a simple hGl'RE;t Basic ,'clltilator system. unidirectional flap valve prevents additional entrainment but allows unimpeded venting. A control knob can be turned to select" positive" or" negative" expiratory pressures by switching on either (lf two additional gas jets, one at each end of the entrainment tube, These two additional jets have a control which can he manually adjusted to provide the required expiratory pressure.
A trigger control with variable sensitivity (not shown in the diagrams) produces a signal which directly switches the flip/flop module FJ(;l;HE 4,· ," Bello\\'s in Bottle" with pressnre volullle and flo", controL frum the expiratory to the inspiratory phase. The mechanism is a sensitive diaphragm which when activated, blocks a fluidic outlet so that the resulting back pressure actuates the flip/ flop module.
l\lETHOD OF USE \ritlt a circle breathing system the ventilator is connected so as to replace the reservoir bag as shown in Figure 5 . The pressure relief valve February, 1976 on the anaesthetic machine is dosed and venting takes place through the ventilator spill valve during the expiratory phase.
To convert to a non-re breathing or minute volume divider breathing system a unidirectional valve insert is snapped into the top of the ventilator as shown in Figure 6 . It can be used with anaesthetic gases or air/oxygen mixtures. The expired gas from the patient passes into the back of the ventilator chamber via a one-way flap valve. In both the circle and non-re breathing systems the ventilator can function as a pressure generator or as a flow generator. Patient triggering is available with both and so is control of negative or positive expiratory pressures.
With a T-piece system, the ventilator is connected to the exhaust limb of the 1'. With the ventilator inspiratory pressure adjusted to
the appropriate value the system functions as a timed pressure generator. The alternative method of using the T-piece is as a flow generator. The exhaust limb of the T-piece is connected to the one-way valve unit (Figure 7) . During inspiration this is closed by the ventilator so that only the fresh gas flow ventilates the patient and the tidal volume is determined by the inspiratory time and the fresh gas flow rate. The shortest inspiratory time setting is 0·5 sec. and for babies the appropriate tidal volume is easily achieved by regulating the gas flow rate at this fixed timing. The pressure setting of the ventilator serves as the pressure relief setting and ensures that the airway pressure can only marginally exceed that limit. In both methods of using the T-piece system, expirations pass through the ventilator and pollution control can be effected. In both methods c.P.P.R. and C.P.A.P. can be set to required levels.
The ventilator can also be used for babies with a Gregory Box (Gregory et al. 1971) .
FUNCTIONAL ANALYSIS
Static testing was carried out by plotting the flow against the pressure drop across a resistance. A series of resistances were used and these consisted of various sized orifices in brass discs. With complete occlusion of the outlet, the ventilator pressure setting was adjusted to a particular value. In Figure 8 this is seen to be 50 cm H 2 0 and corresponds to zero flow. Csing the various resistances, pressure and flow readings were taken for various entrainment settings. Figure 8 shows a family of curves from full entrainment at the upper line to no entrainment at the lower line. Superimposed are four lines which join points recorded when using four of these resistors. It is of interest to note that each is a straight line. Figure 9 shows the pressure/flow characteristics at various other pressure settings. Only full and nil entrainment lines are drawn for each pressure setting but each segment nevertheless represents the full range of entrainment control available at that particular pressure setting. 
For convenience of taking measurements during static testing, the bellows were removed.
With the bellows in situ some reduction of flow at full entrainment occurs but the nil entrainment figures are unaffected.
Dynamic testing was carried out on a paediatric and an adult test lung. The paediatric test lung corresponded to a 3·5 Kg baby with an airway resistance 50 per cent above normal and a time constant of 0 ·13 sec. The construction of the test lung and the method used in obtaining the recordings have been described previously by Campbell, Shanks, Flachs and Austin (1975) . The adult test lung was constructed along similar lines to the paediatric one. The larger capacitance (compliance O· 066 litres/cm H 2 0) was obtained by using two twenty-five litre plastic containers made reasonably isothermal with brass shavings. The adult " airway resistance" was a sintered bronze filter with a resistance of 10 cm H 2 0/ litre/sec. at 1·0 litre per second flow and 7·0 cm H 2 0/litre/sec. at 0·5 litre per sec. flow. Resistance linearity was not, however, regarded as essential.
For the paediatric test lung recordings, the fresh gas flow was set throughout at 3 litres/min., Cm H2O / 0 and the pressure for pressure generator ventilation was set at the ventilator at 12 cm H 2 0 pressure ( Figure 10 ). The paediatric timing was set to give 0·5 sec. inspiratory phase and 1· 0 sec. expiratory phase.
For the adult test lung, recordings were all made with the volume limited to 500 ml tidal and a pressure limit set at 40 cm H 2 0. Adult timing was set to give a 1·0 sec. inspiratory phase and 2·0 sec. expiratory phase.
Recordings with the adult test lung were also made with the compliance halved and the resistance doubled and in each case ventilation was with both pressure generator and flow generator modes (Figures 11, 12 and 13) . The stepped mouth pressure in the pressure generator tracings corresponds to the delivery of the set volume with the lower step being "volume hold" with negligible flow. The slight subatmospheric" mouth pressure" in the first part of the expiratory phase coincides with the descent of the bellows and can be seen in all the traces. and shock levels which would damage electronic components and are free from problems of sticking moving parts which can affect pneumatic systems. In addition there is absolute safety in explosive environments and there are no electrical hazards for patients and staff. Early fluidic units had high gas consumption and were noisy in operation. It was difficult to provide adequate filtration of these high gas flows with the result that deposition of dirt within the channels led to malfunction. Both these problems are effectively overcome with the modern miniature well filtered low gas consumption units.
Interface devices are necessary to convert the small fluidic signals to driving pressures required for ventilation. The pneumatic units chosen (Boostermites) have been used for control purposes in industry for many years and have an established reliability record.
It might seem curious that the same ventilator can act as a flow generator and a pressure generator with variable control between the two. The explanation is that by varying the entrainment the internal resistance of the ventilator is changed. Thus at full entrainment the internal resistance is low, while at nil entrainment it increases to very high levels (Mushin, Rendell Baker, Thompson and Mapleson 1969) . On the pressure/flow diagrams it can be seen that with no entrainment, flow is little affected by the pressure changes associated with increased resistance until the pressure limit setting is approached when flow then falls off rapidly. It is therefore easy to set the ventilator as a flow generator with a pre-set pressure limit.
In spite of alterations of the inspiratory entrainment and hence the internal inspiratory resistance, the internal expiratory resistance of the ventilator remains unchanged at approximately 2·5 cm water/litre/sec. This is effected by the simple flap valve which acts as a by-pass during expiration (Figure 4) .
With adult ventilation the set volume can be delivered before the end of the timed inspiratory period. This inspiratory hold with absent flow gives a momentary halt on the falling pressure gauge and can be a useful indicator of the patient's compliance.
The compliance of ventilators vanes enormously between the various makes. Usually the end inspiratory value is quoted and this can vary in the same ventilator according to the tidal volume delivered. In this ventilator the bellows are completely emptied at the end of normal inspiration so that ventilator compliance is negligible. The external compliance during use is therefore only that of the connecting tubes, humidifiers and alarms between the patient and the ventilator.
For paediatric purp()se~, when the T-piece is used as a pressure gencrator there is no need for any valves in the system between the patient's airwa.\· and atmosphere. A water bath humidifier incorporated in this circuit has negligible effect on the volume delivered. When the T-piece system is used as a flow generator, however, the compression loss within the humidifier may seriously reduce the expected tidal volume (Campbell et al. 1975 ).
An alternative svstem for adult ventilation has been described (~Iorgan 197; , ) ) which can be understood with reference to Figure 6. \Vith this system the two valves in the top insert are removed so that a valve free T-piece exists between gas inflow, the ventilatur bellows and the patient. The ventilator is adjusted to deliver a minute volume' in excess of the fresh gas flow. The fresh gas flow will therefore determine the patient's pC0 2 level and can be regulated accordingly without altering the minute volume ventilation. The inspired oxygen percentage can similarly be adjusted to achieve the required arterial oxygen tension without affecting the pC0 2 level. This system has been used bv the author but a full analysis has not been car'ried out.
. U nsworth (1 H7 -!) confirmed satisfactory performance of the ventilator in a hyperbaric chamber pressurized to six atmospheres absolute.
PRACTICAL PorXTs
Trigger sensitivity can be adjusted so that volume changes of 1·0 ml at the ventilator outlet will actuate the mechanism.
Positive expiratory pressures can be 8djusted between atmospheric and:20 cm H 2 0. C.P.A.P. is obtained by adjusting the expiratory jime to infinity and adjusting the expiratory pressure to the required level. "Negatiw" expiratory pressures can be adjusted from atmospheric to 15 cm H 2 0 helow atmospheric. Inspiratory time is adjustable between O· [) sec. and :2·0 sec. but cannot be prolonged be.\'ond this period. Expiratory time is adjustable between 1·0 sec. and 6·0 sec. and can be further adjusted to infinity. The ventilator output volume can be set in' increments of 50 ml up to 1,000 ml but larger tidal volumes can be delivered by increasing the fresh gas flow rate. Inspiratory pressure is adjustable up to a limit of 60 cm H 2 0. \Vith no entrainment, flow changes are small with pressure setting alterations. In contrast changes in entrainment produce large flow changes with no alteration in the pressure limit ( Figure !J) .
The ventilator pressure gauge indicates the pressure in the patient circuit and is regarded as preferable to indicating vcntilator driving pressure. Humidifiers, respirometers, ventilator alarms, nebulizers and oxygen monitors can all be used in conjunction with the ventilator. All connections are standard :2:2 mm tapers for adult and 1 f) mm tapers for the paediatric connector. The exhaust port has a cross pin to prevent accidental connection of the patient's breathing hose. For c1eaning purposes the hellows and the entrainment tube can be removed (Figure 14) . The bellows and lid are interchangeable so that a fresh " top" can he inserted to avoid delays hetween patients. The complete ventilator can be gas sterilized or the respiratory passages and chamber can be soak sterilized with suitable disinfectant.
The ventilator may be operated from the standard wall oxygen outlet at a pressure of up to 400 kPa or a compressed gas cylinder outlet at equivalent pressure.
The weight of the complete ventilator is 5·8 kg.
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